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The aim of this work was to study the feasibility of obtaining images of the distribution of
ferromagnetic tracers using an ac biosusceptometer ~ACB!. The images were generated by mapping
the response of the ACB at short distances due to the presence of a ferrite powder dispersed in a
planar gel matrix with different shapes. The ACB was scanned over the sample and the voltages
generated by the variation in ferrite concentration were sampled. Methods to render and image the
distribution of ferromagnetic particles were studied. The generalized Wiener parametric method
gave the best results. The system has a potential to be used in functional images of the
gastrointestinal tract where a moderate resolution is required. We conclude that this biomagnetic
method can be successfully used to generate planar functional images of magnetic particles in the
near field. © 2000 American Institute of Physics. @S0034-6748~00!02406-0#
I. INTRODUCTION
Imaging techniques have been very useful in visualizing
various phenomena in science and technology. Medical sci-
ences have been benefited in many aspects from images of
tissues and organs obtained from a microscopic to a macro-
scopic scale. Electron and optical microscopy and, more re-
cently, atomic force microscopy and its variants have been
used to image tissue preparations and even large molecules,
on a micron and submicron scale. X rays, scintilography,
ultrasound, and magnetic resonance have been successfully
employed to produce anatomical and functional images of
organs and are routinely used in hospitals. Other techniques
such as: electrical impedance,1 electron spin resonance,2,3
and biomagnetic measurements4,5 are in an experimental
stage to produce images of different physical properties and
may find in the future a place in the medical environment. In
this article we show how images of the distribution of ferro-
magnetic particles can be obtained by sampling the magnetic
susceptibility in a plane. This susceptometric method is
based on the use of a magnetic test meal and has been em-
ployed in gastroenterology for measurements of gastric
emptying,6 small bowel transit,7,8 gastric antral contractions,9
and esophageal transit time.10 Biomagnetic methods, such as
the susceptometric approach employed in this work, have the
advantage of the absence of ionizing radiation and of being
noninvasive.11,12 A potential disadvantage is the strong de-
pendence of signal with the distance from the source, leading
to a degradation of the signal to noise ~S/N! ratio. This image
technique could also be used in other areas such as nonde-
structive evaluation13 and agriculture14 to study problems
where magnetic tracers can be employed.
In this work, the ac biosusceptometer ~ACB! was at-
tached to a scanning device and data were collected on flat
phantoms containing a magnetic test meal. Digital images
were acquired and the parameters that control the response of
the ACB as well as the imaging processing techniques were
optimized.
Thus, the main thrust of this work is to present a pilot
study of a new imaging method based on the response of an
ac biosusceptometer due to the presence of a ferromagnetic
tracer at short distances.
II. METHODS
A. The imaging restoration process
The general problem of imaging production can be
stated as shown in Fig. 1. An arbitrary object in the image
plane can be represented by the function f, and an imaging
device characterized by the impulse response h will produce
an image g in the image plane. This imaging process does
not have a point response, a so-called ideal response; so there
is always some distortion present. In many cases the distor-
tion can be visualized as a blurring of the original image.
The imaging process can be described in the frequency do-
main as the convolution between the functions f and h. To
restore the original image a deconvolution process will have
to be performed. Starting from the object and obtaining the
image is usually referred to as the direct problem. In terms of
magnetism the direct problem is to calculate the magnetic
field generated by a known distribution of properly excited
ferromagnetic particles. We are concerned with the opposite,
i.e., how to find the distribution of the ferromagnetic par-
ticles from the magnetic fields measured in a certain plane,
the so-called inverse problem. This process will involve the
inversion of function h. The function h may be zero at some
points complicating the inversion procedure, because poles
may arise. Several methods, such as least squares fitting,
minimum norm, minimum entropy and Fourier analysis,
have been employed to deal with this problem. Among oth-
ers we tried the inverse and pseudo inverse filtering, Wiener
and generalized parametric Wiener filtering. The last proce-
dure gave the best results in the present work. The standard
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Wiener filter involves the minimization of the root mean
square ~rms! error between the original and the retrieved im-
age. However, the rms error is not the only criterion that can
be used by the observer to judge the quality of the restored
image, and many variations have been proposed. In the
present work a more general expression for the Wiener filter
was employed as follows:15
W@kx ,ky#5S uH@kx ,ky#u2
uH@kx ,ky#u21a102S@kx ,ky#/10
D b
Hg21@kx ,ky# , ~1!
where a and b are real parameters (a ,b.1), Hg21@kx ,ky# is
the pseudo inverse filter, and S@kx ,ky#510log10(P f@kx ,ky#/Ph@kx ,ky#) is an expectation of the S/N,
where P f is the power spectrum of the object and Ph is the
power spectrum of the ambient noise. It is important to note
that the parameter a controls the level of the additive noise
present in the image as a function of kx and ky , the x and y
components of the spatial frequency. As this parameter is
increased the attenuation of the noise is obtained more effec-
tively. Considering that the filter response is such that
uW@kx ,ky#u<1, the exponent b allows the selection of the
steepness of the filter function. The introduction of the
pseudo inverse filter controls the influence of the poles in the
deconvolution process by changing the parameter g that de-
termines the threshold value for Hg
21@kx ,ky# .
B. The magnetic field detected by the ACB from point
and extended sources
Experimentally the problem of obtaining susceptometric
images of a magnetic material distribution involves its mag-
netization and the measurement of the response to this mag-
netic field. When one is concerned with a volume, the prob-
lem is complicated by the need to selectively excite different
voxels.16 This can be accomplished by using magnetic field
gradients, localized magnetic fields, and a uniform field ap-
plied to a thin sample. Tan et al.17 used a uniform field pro-
duced by a solenoid to magnetize the sample and the mag-
netization was sampled with a superconducting quantum
interference device ~SQUID! detector. In our case the ACB
produces a localized magnetization that spreads a few centi-
meters deep and wide in the sample, so the present method
can be classified as the one that employs localized magneti-
zation. The ac biosusceptometer is shown in Fig. 2, a pair of
detecting coils ~1,4! or sensors, is coupled to a pair of excit-
ing coils ~2,3!, in opposite polarity ~first order gradiometer!
so as to cancel the detected voltage if no ferromagnetic ma-
terial is nearby.6 The net voltage detected is amplified by a
lock-in amplifier.
Figure 3 shows a volume element dV located at a dis-
tance r from the lower set of coils. This sample can be de-
scribed as a magnetic dipole of intensity dmz . To describe
this magnetic moment, an auxiliary coordinate system xˆ1 , yˆ1
FIG. 1. Schematic diagram summarizing the mathematical concepts of im-
aging formation, where f is the function representing the object, h the trans-
fer function, h21 its inverse, and g the image. The image can be obtained by
convoluting g5 f *h and the object restored by convoluting the inverse of
the transfer function f 5g*h21.
FIG. 2. Schematic diagram of the ac biosusceptometer. The figure shows the
detecting ~1,4! and exciting ~2,3! coils; both have a diameter of 10 mm. The
ac biosusceptometer is assembled as a first order gradiometer to cancel the
detected voltage if no ferromagnetic material is nearby.
FIG. 3. Coordinate system attached to the lower set of coils and the contri-
bution of an element of volume dV containing the ferromagnetic material,
giving a magnetic dipole of intensity dmz . The (x ,y) displacement is ex-
aggerated in this figure, in practice only the z component of the magnetic
field is relevant.
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and zˆ1 , centered in the sample will be used to describe the
volume of magnetic material by the vector r8(x8,y8,z8). The
magnetic field Bz produced by this volume in the ACB is
given by18
dBz5
m0
4p
2~z2z8!22@~x2x8!21~y2y8!2#
@~x2x8!21~y2y8!21~z2z8!2#5/2
dmz . ~2!
Because the sample must be near the detector we assume that
only the Z component of the magnetic field will be relevant
to determine the response of the ACB due to the presence of
the ferromagnetic material. Thus, the magnetic moment can
be determined according to
dmz~x8,y8,z8!5M ~x8,y8,z8!dV5x~x8,y8,z8!
BzEXC~x8,y8,z8,t !dV , ~3!
where the term Bz
EXC(x8,y8,z8,t) is the Z component of the
magnetic field produced by the action of the two exciting
coils in the sample, and is given by
Bz
EXC~x8,y8,z8,t !5
m0I~ t !
4p pb
2NEXCH 2~z81a !22~x821y82!
@x821y821~z81a !2#5/2
1
2@z81a1~d22a !#22~x821y82!
@x821y821@z81a1~d22a !#2#5/2J , ~4!
where I(t)5I0 sin(2pft) is the alternating current of frequency f applied to the exciting coils with radius b and NEXC turns. The
magnetic susceptibility x(x8,y8,z8) due to the distribution of ferromagnetic material in this sample is calculated by the
following expression:
x~x8,y8,z8!5
C~x8,y8,z8!
r S mm021 D , ~5!
where r is the density, C(x8,y8,z8) is the concentration, m the magnetic permeability of the ferromagnetic material and m0 the
vacuum permeability. For thin samples dV>edx8dy8, where e is the thickness of the sample. Considering that the overall
signal of the ACB is due to the difference from the signals produced at coils localized at z50 and z52d , and because we are
concerned with samples very close to the lower set of coils, the field detected by the ACB, after substitution of Eqs. ~3!, ~4!,
and ~5! into Eq. ~2!, will be given by7
dBz5KI~ t ! 2~2z8!
22@~2x8!21~2y8!2#
@~2x8!21~2y8!21~2z8!2#5/2
C~x8,y8,z8!
2~z81a !22~x821y82!
@x821y821~z81a !2#5/2
dx8dy8, ~6!
where
K5S m04p D
2S mm021 Dpb
2e
r
NEXC . ~7!
To obtain the magnetic field due to an extended source, expression ~6! must be integrated over the dimensions x8 and y8 of the
sample yielding a total magnetic field given by
Bz
total~x ,y ,t !5KI~ t !E
Y 1
Y
2E
X1
X2 2~2z8!22@~x2x8!21~y2y8!2#
@~x2x8!21~y2y8!21~2z8!2#5/2
C~x8,y8,z8!
2~z81a !22~x821y82!
@x821y821~z81a !2#5/2
dx8dy8. ~8!
Using the conventional notation for summation of continuous functions,15 the integral above can be discretized as
Bz
total@n ,m ,t !5KI~ t ! (
m85Y MIN
Y MAX
(
n85XMIN
XMAX 2~2z8!22@~n2n8!21~m2m8!2#
@~n2n8!21~m2m8!21~2z8!2#5/2
C@n8,m8,z8#
2~z81a !22~n821m82!
@n821m821~z81a !2#5/2
. ~9!
The signal detected by the ACB at each position is propor-
tional to time varying magnetic flux threading the coils. To
calculate the discrete magnetic flux function F@n ,m ,t) is
equivalent to the bidimensional discrete convolution of the
magnetic field with the circular symmetric step function4,15
S@n ,m# , defined as
S@n ,m#5H 1 r<b0 c.b , where r5@~nDx !2
1~mDy !2#1/2 thus ~10!
F@n ,m ,t !5S@n ,m#*Bz
total@n ,m ,t !.
Considering that the detector is made sensitive only to
the magnetic field with the time dependence of the excitation
current I(t)5I0 sin(2pft), the following expression can be
obtained for the voltage detected from an extended sample:
V@n ,m ,t !5NDET
d
dt F@n ,m ,t !
52p f NDETS@n ,m#*Bztotal@n ,m ,t !, ~11!
where f is the frequency of the excitation current and NDET is
the number of coils in the detector.
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C. The spectral response and the point spread
function of the ACB
The convolution of Eq. ~11! can be accomplished in the
spatial frequency domain using the fact that the Fourier
transform of the step function, s(vx ,vy), is given by4,15
s~vx ,vy!5
J1@bv#
bv/2 , ~12!
where J1 is the Bessel function of the first kind, the spatial
frequency v5(vx21vy2)1/2, vx52p/kx , vy52p/ky and b
is the radius of the detecting coil. Considering that the first
set of zeros J1(bv) is localized on a circle with radius19
3.83/b , it can be concluded that the ACB acts like a low pass
filter with cutoff frequency vc53.83/b . In accordance with
Roth, Sepulveda, and Wikswo4 this is an important feature
because it assures that the major part of the spatial frequen-
cies about the image of a sampled object is localized in a
limited bandwidth. According to the sampling theorem the
image must be sampled N times in each direction, to avoid
aliasing such that the following sampling frequency will be
obtained:
vs>2vc>
7.66
b samples/cm. ~13!
This implies that during the processing of the images all
signals with frequencies above vc will be considered as
noise. Thus, the discretized spectrum of the step function
will be zero at coordinates given by
Akx21ky25F3.83b  Dp NG cm21, ~14!
where D is the frequency of spatial sampling and N is the
number of sampled points, kx and ky are the wave numbers
in both x and y directions.
Using the convolution theorem in Eq. ~11! for the volt-
age in the spatial domain, the voltage can be rewritten in the
spatial frequency domain as
n~kx ,ky!52p f NDETb~kx ,ky!s~kx ,ky!. ~15!
The voltage detected by the ACB due to an extended source
@Eq. ~9!# may also be rewritten as
V@n ,m ,t !5@2p f NDETKI~ t !#
S@n ,m#* 2~2z8!
22@n21m2#
@n21m21~2z8!2#5/2
*C@n ,m ,z8#
3
2~z81a !22~n21m2!
@n21m21~z81a !2#5/2
. ~16!
Equation ~16! allows us to determine the concentration of the
ferromagnetic material C@n ,m# . To obtain this the response
of the ACB will be modeled as the convolution of C@n ,m#
with the point spread function of the system h@n ,m#
FIG. 4. Experimental setup to scan the samples at different distances. The
ACB was attached to a computer controlled x-y scanning stage by a wood
arm 1 m long to avoid magnetic interference of this device.
FIG. 5. The dependence of the signal ~S! for various distances of the phan-
tom from the sensor shows a more complex dependence with the distance;
for distances greater than few centimeters the signal S}r20.3.
FIG. 6. The dependence of the signal for various base lines of the ac bio-
susceptometer and a fixed distance of the phantom from the sensor. It can be
seen that for distances greater than 6 cm the S/N starts to degrade.
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V@n ,m#5h@n ,m#*C@n ,m# . ~17!
Inserting 5C0d@n ,m# in Eq. ~16!, we obtain
h@n ,m#5@2p f I0NDETKI0#
S@n ,m#* 2~2z8!
22@n21m2#
@n21m21~2z8!2#5/2
*
3d@n ,m#
2C0
~z81a !3
. ~18!
Using the Green’s function given by Roth, Sepulveda, and
Wikswo,4 discretized in x8 and y8 directions, defined by
G@m ,n ,z8!5
m0d
4p z8
1
@n21m21z82#3/2
~19!
expression ~18! and Eq. ~8! can be rewritten as
h@n ,m#5S pb2eI0g f NDETNEXCD ~m2m0!
S@n ,m#*]G@n ,m ,2z8!]z8 *d@n ,m#
C0
~z81a !3
.
~20!
Taking the discrete two dimensional Fourier transform I of
both sides of Eq. ~20!, applying the theorem of the discrete
convolution and sampling in the frequency space the follow-
ing expression for the transfer function H is obtained:
H~kx ,ky!5S pb2eI0g f NDETNEXCD ~m2m0!I$S@n ,m#%
IH ]G@n ,m ,2z8!]z8 J
IH d@n ,m# C0
~z81a !3
J I. ~21!
Considering the analytical expression for the Fourier trans-
form of the Green function4
I$G@n ,m ,2z8#%5
m0d
2 e
Av
x
2
1vy
2
z8 ~22!
it is possible to obtain the expression for the Fourier trans-
form and its derivative in relation to z8:
IH ]G@n ,m ,2z8!]z8 J 5m0d2 Avx21vy2eAvx21vy2z8. ~23!
This expression will be zero at (vx ,vy)5(0,0).
Furthermore15
IH d@n ,m# C0
~z81a !3
J 5 C0
~z81a !3
. ~24!
From the above equations it can be noted that the discretized
spectrum of the system function will be zero at spatial fre-
quencies at @kx ,ky#5@0,0# and Akx21ky25@(3.83/b)(D/p)N# . This leads to the conclusion that the images acquired
must be restored using filtering approaches that avoid the
origin of the discrete frequency space, that would produce
poles during the inversion process. Therefore inverse filter-
ing techniques should be replaced by Wiener filtering.
III. EXPERIMENTS
In this study phantoms with different shapes containing a
gel uniformly labeled with 3% by volume of manganese fer-
rite (MnFe2O4) powder were used. The maximum diameter
FIG. 7. The simulated ~a!, ~c! and experimental ~b!, ~d! point spread func-
tion ~PSF! for the ac biosusceptometer. The simulated PSF was obtained
through Eq. ~20! and the experimental one by scanning a cylindrical phan-
tom of 3 mm diameter and 1 mm thick. It can be seen that the experimental
and theoretical PSF shows a pole at origin precluding the use of inverse
filtering to restore the images acquired with the ACB.
FIG. 8. Schematic diagram showing the simulation procedure to optimize
the Wiener filter parameters a, b, g used to restore the images. An ideal
image ~f! is convoluted with the experimental PSF and the measured noise
spectrum ~h! is added, obtaining the simulated image g. The parameters of
the filter are adjusted until the best restored image f is obtained. These
parameters are then applied to restore all other images.
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of ferrite was 125 mm, the density was 4.88 g/cm3, and mag-
netic permeability7 mr53000. These ferrite particles are
used as magnetic tracers in test meals for in vivo experiments
at the same concentration used in this work. The ac biosus-
ceptometer ~ACB! shown in Fig. 2, was excited by a 10 kHz
sinusoidal current in the pair of exciting coils producing a
magnetic field on the order of 0.1 mT at the measuring site.
The difference signal detected by a pair of sensor coils was
sent to a digital lock-in amplifer ~SR 530 two phase lock-in
amplifier, Stanford Research System, California!. Base lines
~distance between sensor coils! could be varied between 1
and 15 cm. The inductance value of each exciting and sens-
ing coil was 0.56 mH and the resistance 5 V. The ACB was
attached to a computer controlled x-y scanning stage by a
rigid arm 1 m long made of wood to avoid magnetic inter-
ference. An area of (20320) cm2 was scanned in 30 min.
Figure 4 shows the experimental setup. When the phantom,
for example, a number 7 and ¿ signal, both 2 cm wide, is
made to enter the magnetic field a difference in voltage is
generated across the sensor coils. Acquisition of the biomag-
netic signal from the lock-in amplifier was done by means of
an analog/digital ~A/D! board ~TECMAR LabMaster 16!
with a 12 bit resolution. Data analysis and visualization were
performed on a Pentium PC computer. Signal processing was
done using MATLAB® software.
IV. RESULTS AND DISCUSSION
An important parameter in a gradiometric detection sys-
tem is the base line, the distance between sensor coils. Be-
cause this device works as a spatial filter,20 the base line will
control the cutoff spatial frequency of detected signals. Usu-
ally the spatial response of a gradiometer can be experimen-
tally evaluated by placing a point source ~magnetic dipole! at
different distances of the gradiometer and measuring its
response.21 This procedure is highly dependent on the rela-
tive dimensions of the source and the detection coil. In our
case an alternative procedure was employed. Initially phan-
toms of different shapes containing the test meal were
scanned at different distances from the ACB and the average
power spectrum (P f) was determined for each. At these
same distances the power spectrum (Ph) of noise was mea-
sured by placing a plane with a very thin homogeneous dis-
tribution of ferrite powder. The noise was calculated by av-
eraging the response of five scans. The quantity of ferrite
used in these phantoms to assess the noise power spectrum
was barely enough to elicit a response of the ACB. This
procedure to detect the noise will measure the total noise,
including far sources, vibrations, and other interference dur-
ing the scanning process. Figure 5 shows the dependence of
the signal for different distances of the phantom from the
sensor. For distances r greater than 5 cm the S/N rate decays
slowly as r20.3 allowing that susceptometric images can be
obtained with the present device. In another experiment the
distance of the scanning plane to the lower detection coil of
the gradiometer was constant ~2 cm! and the base line was
varied. Figure 6 shows the signal/noise for the same phantom
as a function of the base line revealing that for a base line
greater than 6 cm the S/N plot starts to degrade. A possible
explanation for this behavior would be the greater influence
of far sources and to a less extent the inherent mechanical
instability of gradiometers with longer base lines. The base
line chosen for the practical measurements was 5 cm with the
ACB sensor 1–2 cm above the phantom. With these dis-
tances it was possible to assure a good noise rejection with-
out loss of the signal produced from the phantom. The point
spread function ~PSF! ~also named impulse response of the
system in current signal processing literature! was obtained
experimentally by scanning a 3-mm-diam, 1-mm-thick cylin-
FIG. 9. Typical raw and restored im-
ages obtained from two phantoms, a
number 7 ~a!, ~b! and a ¿ signal ~c!,
~d!. The three dimensional plot and
plane projection ~inset, right upper
corner! are shown. It can be seen that
the image processing method produces
a good improvement in definition and
resolution. The variation in intensity is
due to nonuniform distribution of the
magnetic material inside the phantom.
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drical ferrite phantom; the image obtained after averaging 20
samplings was used to obtain the experimental PSF. There is
a good agreement with the theoretical expression for the PSF
obtained in a previous section ~Fig. 7!, showing a null value
at the origin. Figure 8 summarizes the approach to obtain the
appropriate parameters for the Wiener filtering. Initially a
template image f was generated and a convolution with the
experimental PSF h was obtained. The blurred image was
added to the experimental noise h to simulate a typical im-
age obtained by the actual scanning process. Because the
Wiener filter acts on a signal of zero mean value, the mean
values of the noise m f and the image mh were subtracted
from the blurred image. Knowing the average power spec-
trum of the image P f and the noise Ph the parameters of the
Wienver filter a, b, and g ~that set the threshold limit for
Hg
21) can be adjusted to produce the best image. Subse-
quently, the mean value of the image m f is added back to
recover the brightness of the original image f. Various crite-
ria may be used to adjust the parameters of the filter. We
optimized the retrieval of the contours of the acquired image.
Simulations determined that the best value of the parameter
a is 105. The quality of the images was not sensitive to the
parameter b and it was set equal to 1.
For actual images of different shapes an average S/N of
27 dB was obtained after optimization of the gradiometer.
Simulations indicated that the S/N must be at least 40 dB in
order to allow a restoration of acceptable quality. Thus some
signal conditioning techniques must be applied before the
restoration can be used. Figure 9 shows the raw image ob-
tained after scanning a phantom and a typical restored image.
It can be seen that the essential features of the phantom are
obtained.
In summary, these initial results show that ACB can be
successfully used to generate images with moderate spatial
resolution. Efforts are under way to build a more sensitive
multichannel system that will make acquisition times shorter,
compatible with physiological processes that could be exam-
ined with this device. After such improvements we intend to
use this device to generate images of the gastrointestinal
tract.
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